Fuel 116(2014)158-167 



ELSEVIER 


Contents lists available at ScienceDirect 

Fuel 

journal homepage: www.elsevier.com/locate/fuel 



Integrated biomass torrefaction - Chemical looping combustion 
as a method to recover torrefaction volatiles energy 

A. Sarvaramini, F. Larachi * 

Department of Chemical Engineering, Laval University, Quebec, QC CIV 0A6, Canada 




CrossMark 


H 


G H L I G H T S 


GRAPHICAL ABSTRACT 


. Birch wood was torrefied between 
260 and 300 °C in a fixed bed reactor. 

i Chemical looping combustion of 
torrefaction volatiles over iron oxide 
was studied. 

i Up to 99% of carbon released during 
torrefaction was converted to C0 2 at 
600 °C. 

i Presence of C0 2 and steam did not 
affect the properties of torrefaction 
products. 


ARTICLE 


INFO 



Article history: 

Received 17 June 2013 

Received in revised form 28 July 2013 

Accepted 29 July 2013 

Available online 15 August 2013 


Keywords: 

Biomass torrefaction 
Chemical looping combustion 
Iron oxide oxygen carrier 
Volatiles composition 
Bum-off of carbonaceous deposits 


Hyphenation of biomass torrefaction to chemical looping combustion (CLC) was studied experimentally. 
The concept consists of burning the torrefaction volatiles using iron oxide as solid oxygen carrier 
whereby the CLC flue gas, mostly non-diluted C0 2 and steam, is recirculated to the torrefaction reactor 
for heat integration. Also, being deprived of nitrogen and oxygen, the CLC flue gas allows pure C0 2 to 
be recovered and further captured or sequestered thus setting a frame for a negative net C0 2 torrefaction 
in co-firing plants to reduce greenhouse gas emissions. Birch wood was torrefied between 260 and 300 °C 
and the resulting volatiles were burned over iron oxide solid oxygen carriers between 400 and 600 °C 
converting up to 99% of volatile carbon into C0 2 . Oxygen carrier stability for burning torrefaction volatiles 
and oxygen depletion during CLC were assessed vis-a-vis deactivation, and CO and hydrogen production. 
Also, the buildup of C0 2 and water vapor in the recirculating torrefaction gas and their incidence on the 
properties of torrefied solid product were quantified in terms of mass and energy yields, equilibrium 
moisture content and grindability of the torrefied birch wood. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

Coal combustion in the electricity generation plants is consid¬ 
ered as one of the most important sources of greenhouse gas 
emission [1], Replacing coal with biomass as a renewable C0 2 - 
neutral energy source in energy conversion systems could be an 
option to reduce net C0 2 production [2], However, raw biomass 
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as a fuel features some drawbacks such as low calorific value 
due to its high moisture and oxygen contents [3,4], high grinding 
energy requirement due to its rigidity and mechanical strength 
[5,6], and low flowability and fluidization properties leading to 
difficulties in feeding it into boilers [7], Improving these biomass 
properties via torrefaction is envisioned as a prerequisite step to 
adapt biomass properties to those of a fuel for efficient coal/bio¬ 
mass co-firing [7], Torrefaction increases the energy density of 
biomass by reducing its oxygen content leading to a torrefied bio¬ 
mass product with heating values nearing those of coal [5,8,9], 
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Furthermore, torrefaction promotes partial depolymerization/ 
decomposition of cellulose and hemicellulose reducing the fibers 
length and mechanical stability and resulting in improved grinding 
properties [7,10,11 ]. 

Biomass torrefaction is performed at temperatures below 
300 °C which prompts partial decomposition of hemicellulose, cel¬ 
lulose and lignin biomass constituents [7,12], Decomposition is 
accompanied with the release of condensable and non-condens¬ 
able volatiles such as C0 2 , CO, CH 4 , H 2 0 and some hydrocarbon 
oxygenates (acetic, formic and lactic acids) [13], In the usual indus¬ 
trial torrefaction practices, the produced volatiles are burned with 
air in a combustion unit and the hot flue gas is routed toward the 
pre-drying and torrefaction segments to pick up directly or indi¬ 
rectly its heat content [14,15], Ideally well-designed torrefaction 
processes are thermally self-sufficient. That is, if apart from the 
heat released from the combustion of the torrefaction gases, no 
additional energy make-up is necessary to ensure their operation 
[15], Direct contact of flue gas with biomass during torrefaction 
could be an efficient way for the heat to transfer to the biomass. 
However, the presence of residual 0 2 in the flue gas could lower 
the efficiency of biomass torrefaction by burning a fraction of the 
biomass itself [14,16], Furthermore, air consisting overwhelmingly 
of inert N 2 results in the handling of large flue gas volumes which 
translate into increased investments in terms of piping and ancil¬ 
lary equipment [14,16], 

In recent years, the concept of chemical looping combustion 
(CLC) has been widely studied as a promising alternative for fossil 
fuel combustion while preventing dilution issues of the flue gas 
[17-19], In this concept, the required oxygen for fuel combustion 
into C0 2 and water is supplied by a solid oxygen carrier such that 
after oxidation a N 2 -free flue gas is obtained. The concept is 
implemented in two interconnected reactors with one performing 
the fossil combustion/solid oxygen carrier reduction while in the 
other the solid carrier regeneration/oxidation by air takes place 
[17,18], However in practice, both spatial [17,18] and temporal 
segmentations [20] are possible by enabling the solid oxygen car¬ 
rier either to circulate between two reactors or exposed, in a sta¬ 
tionary manner, to periodic oxidative/reductive cycles within the 
same reactor. The N 2 -free flue gas leaving the combustion reactor 
could be further processed to remove water and the remaining 
C0 2 could be captured, sequestrated or used for other 
applications. 

To the best of our knowledge, no work has been reported to 
evaluate whether integration of torrefaction with CLC of torrefac¬ 
tion volatiles is advantageous or not. In the present work the po¬ 
tential of this combination was studied. The gas evolved during 
torrefaction was routed to a CLC reactor in which the acid hydro¬ 
carbons, CO, CH 4 and H 2 are burned at the contact with a solid 
oxygen carrier and without oxygen gas. The CLC hot flue gas 
stream, consisting of C0 2 and water, or a fraction of it could be 
recycled to the upstream torrefaction unit to transfer heat for 
the torrefaction of the solid biomass particles. This concept is be¬ 
lieved to have two main advantages over existing processes. First, 
the hot flue gas being 0 2 -deprived will present no risk of burning 
biomass during torrefaction. Second, preliminary condensation 
and separation of water from the CLC flue gas will lead to a pure 
C0 2 stream which could be capture via physical or chemical sol¬ 
vents in a conventional gas-liquid scrubber [21,22] or directly 
sequestrated in mining residues via dry or wet carbonation [23- 
25], As biomass is C0 2 -neutral energy source, a negative net 
C0 2 emission from torrefaction could be very appealing for miti¬ 
gating C0 2 emissions in the atmosphere in the future bioenergy 
co-firing plants hyphenated with carbon capture and storage 
plants [26], 


2. Experimental 

2.1. Materials 

Isothermal torrefaction studies were performed using birch, an 
abundant woody biomass sample from Quebec forests. Before the 
experiments, the as received tiny sheets of birch wood samples 
were cut into small pieces to obtain woodchips in the size range 
of 2-4 mm. The proximate analysis of the birch wood showed 
the presence of 5.5% of humidity. The volatiles, fixed carbon and 
ash content of the samples were 89.4%, 9.8% and 0.7% on dry basis, 
respectively. 

The oxygen carrier used in this study was an iron oxide powder 
prepared from pure iron metal powder (Atlantic Equipment Engi¬ 
neering, AEE) with 99.9% purity and particle size <149 pm. Iron 
oxide is considered as an inexpensive and environmentally safe 
compared to the other solid oxygen carriers such as nickel and co¬ 
balt oxides [27], Prior to experiments, the iron powder samples 
were calcined in air for 3 h at 600 °C to form oxide particles. 

2.2. Experimental setup 

The schematic diagram of the experimental assembly is shown 
in Fig. 1. The experimental setup mainly consists of two connected 
torrefaction and chemical looping combustion reactors. Birch wood 
torrefaction was performed in a stainless steel tube (ID. 34 mm, 
length 70 cm) placed inside an induction coil while the samples 
were held atop of a steel grid located in the tube’s middle. The tor- 
refaction temperature was controlled by a fiber optic pyrometer 
connected to a temperature controller to meter the induction-hea¬ 
ter power. Temperature was also measured via a K type thermo¬ 
couple inserted in the center of the biomass layer. The difference 
in temperatures between the bed and the tube surface never ex¬ 
ceeded 5 °C in steady-state conditions. The gas exiting the torrefac¬ 
tion tube was transferred to a CLC stainless steel tube (ID. 10 mm, 
length 40 cm) from the top via a heated tube preventing volatiles 
condensation during transit. This latter was located in a vertical 
electrically-heated furnace equipped with a PID temperature con¬ 
troller and a K type thermocouple for CLC temperature control. 
The combustion gas exiting the CLC reactor was sent to an ice 
water cold trap to separate the remaining volatiles from the gas be¬ 
fore recirculating it to the torrefaction reactor. Before entering the 
torrefaction reactor, gas samples were analyzed using Agilent mi¬ 
cro GC 3000 for their CO, CH 4 , H 2 and C0 2 composition. 

The following procedure was applied for performing each 
simultaneous torrefaction and CLC experiment: initially 500 mg 
of birch wood and 10 g of iron oxide particles were loaded in the 
middle of torrefaction and CLC reactors, respectively. Next, the 
CLC reactor was heated to the desired temperature and kept there 
for 30 min to stabilize its temperature. Afterwards, the entire 
assembly was purged with N 2 (C0 2 , or mixture thereof) at 1 L/ 
min to get rid of remnant gaseous oxygen. After oxygen was below 
micro GC detection limit, gas recirculation in the torrefaction-CLC 
assembly was resumed and torrefaction reactor temperature was 
raised from ambient to either 260 °C or 300 °C and kept there 
for 60 and 20 min durations, respectively. The concentration of 
C0 2 , CO, H 2 and CH 4 accumulated in the assembly was measured 
every 5-6 min using micro GC. In some of the experiments re¬ 
ferred to as blank experiments the CLC reactor was bypassed 
and the volatiles released from the torrefaction reactor were 
headed directly to the cold trap without any further combustion 
in the CLC. These experiments were performed to investigate the 
accumulation of CO, C0 2 , CH 4 and H 2 in the assembly during the 
birch wood torrefaction and in the absence of CLC. 
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Fig. 1. The schematic of experimental torrefaction-chemical looping combustion assembly: (1) K type thermocouple, (2) stainless steel mesh, (3) birch sample, (4) induction 
coil, (5) stainless steel torrefaction reactor, (6) pyrometer, (7) induction heater power supply, (8) chemical looping combustion reactor, (9) electric heater, (10) iron/iron oxide 
fixed bed, (11) CLC shortcut line, (12) C0 2 infrared detector used during iron oxide regeneration, (13) cold trap, (14) peristaltic pump, (15) micro GC and (16) mass flow 


A regeneration cycle was started at the end of the test where the 
solid oxygen carrier was regenerated at 600 °C using oxygen (5% 0 2 
in N 2 ) as an oxidant to burn the carbon deposits that formed on the 
surface of iron oxide particles. C0 2 evolved during regeneration 
was monitored online using an infrared C0 2 detector to quantify 
the amount of deposited carbon in each combustion cycle. Finally, 
the dry torrefied birch wood was removed from the steel grid and 
then weighed to obtain its mass yield (I'm = %mass solid product/ 
mass feed). The C, H, N, S contents of the samples were obtained 
using an elemental analyzer (Fisons EA 1108CHNS). All measure¬ 
ments were repeated twice and their averages reported. The higher 
heating value (HHV) of the samples before and after torrefaction 
was determined using a relationshipobtained by Channiwala 
et al. [28] based on carbon, hydrogen, oxygen, sulfur, nitrogen 
and ash content of biomass. Using the solid product HHV, the en¬ 
ergy density ratio (e = HHV solid product/HHV feed) and energy 
yield (7 e = e V M ) were also determined. 

Acid acetic is an oxygenated hydrocarbons forming during bio¬ 
mass torrefaction [13,29], Therefore, acetic acid was used as a 
model torrefaction volatile compound to assess the long-time sta¬ 
bility for the combustion of torrefaction-formed volatiles and the 
possible effect of deactivation on the distribution of CLC gas prod¬ 
ucts for the iron oxide oxygen carrier. Although acetic acid is only 
one of the constituents of torrefaction volatiles, use of acetic acid 
as a model torrefaction volatile for long-term stability tests has 
some advantages over the volatiles released from direct birch tor- 
refaction. First, the concentration and flow rate of volatiles released 
from birch torrefaction could change with time while the concen¬ 
tration and flow rate of model acetic acid volatile was controlled 
leading to accurate conversion calculations over time for the 
assessment of the long-term stability tests. Second, the lack of oxy¬ 
gen on the solid oxygen carrier leads to the formation of some H 2 , 
CO and CH 4 due to the cracking of volatiles. However, since torr¬ 
efied biomass also releases some H 2 , CO and CH 4 , it is difficult to 
distinguish between these gases during biomass torrefaction or 
during the long-term stability test due to lack of oxygen on the 


solid carrier. Consequently for these series of experiments 
100mL/minN 2 stream was saturated with acetic acid vapors by 
bubbling it through a temperature-controlled acetic acid pool. Dur¬ 
ing the combustion cycle, the acid-saturated stream was contacted 
with 10 g of pre-oxidized iron particles at 600 °C in the CLC reactor 
and the concentrations of C0 2 , CO, H 2 , CH 4 , oxygen and acetic acid 
were monitored. Likewise, when the combustion activity of the 
oxygen carrier declined enough, the combustion cycle was 
switched to a regeneration cycle by sweeping 200 mL/min of oxi¬ 
dizing gas stream (5% 0 2 in N 2 ) during which the concentrations 
of CO, C0 2 and 0 2 were registered. 

The properties of torrefied birch as affected by steam and C0 2 in 
the torrefaction reactor were compared by conducting birch torre¬ 
faction in a 80:20 (mol.%) C0 2 :water mixture and under N 2 envi¬ 
ronment. These properties were the mass and energy yield, 
higher heating value, CHO content of torrefied samples, humidity 
uptake and grindability of torrefied samples. The humidity uptake 
of torrefied and raw birch samples was measured under various 
relative humidity environments. A total of six saturated salt solu¬ 
tions with different equilibrium humidity at 30 °C were prepared: 
7.38% (KOH solution), 11.28% (Lid solution), 43.17% (K 2 C0 3 solu¬ 
tion), 75.09% (NaCl solution), 83.62% (KC1 solution) and 97.08% 
(I< 2 S0 4 solution) [30], 100 mg of raw and torrefied birch samples, 
first dried in an oven at 105 °C, were placed in flasks containing 
aforementioned saturated salt solutions. The flasks were kept for 
one week in a temperature-controlled oven at 30 °C while the sam¬ 
ples weight change due to humidity uptake was measured daily. 
Samples reached equilibrium after almost four days. Samples with 
>3270 pm initial size were loaded in the grinding chamber in a ball 
mill operated at 500 rpm speed with balls of 15 mm diameter to 
determine grindability of torrefied and raw samples. To ensure 
similar conditions for the different biomass samples, an equal vol¬ 
ume of biomass was loaded in the milling chamber. The samples 
were ground for 30 min and the final samples obtained were 
sieved with a series of sieves of mesh sizes 3270, 2000, 850 and 
355 pm. 
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3. Results and discussion 

3A. Torrefied solid produced in torrefaction-CLC closed assembly 

Table 1 shows the results of elemental analysis, mass and en¬ 
ergy yields and higher heating value of raw birch and torrefied 
birch samples at 260 °C and 300 °C for 60 min and 20 min. The 
mass yield of samples torrefied at 260 °C and 300 °C were, respec¬ 
tively, around 76% and 64%, reflecting enhanced torrefaction rates 
with increased temperature despite a correspondingly shortened 
contact time. Torrefaction increased considerably the carbon con¬ 
tent in the torrefied birch at the expense of hydrogen and oxygen 
contents. This reflected in atom ratio reductions from H/C = 1.54 
and O/C = 0.72 for birch to H/C = 1.38 and O/C = 0.62 for birch torr¬ 
efied at 260 °C and to H/C = 1.33 and O/C = 0.58 for birch torrefied 
at 300 °C. The decrease in H/C and O/C ratios led to 7.3% and 10.2% 
increase in HHV of birch torrefied at 260 °C and 300 °C, respec¬ 
tively. Although torrefaction increases birch HHV, the energy yield 
of torrefied birch at 260 °C and 300 °C was 81.8% and 71.4%, respec¬ 
tively, in accordance with partial loss of biomass energy during tor- 
refaction. Such energy yield loss of the resulting torrefied solid is 
attributed to the release of carbon and hydrogen during torrefac¬ 
tion. On a dry wood basis, birch torrefaction at 260 °C led to the 
respective release of 13.1% and 22.1% of total carbon and hydrogen 
in the form of condensable and non-condensable gases. These lev¬ 
els were boosted at 300 °C torrefaction to 24% and 34.8% for carbon 
and hydrogen, respectively. 

3.2. Gases released in torrefaction-CLC closed assembly 

Torrefaction of birch without circulating volatile gas through 
the CLC reactor was referred to as blank experiment which is rep¬ 
resented with black diamond symbols in Figs. 2-5. These figures 
show that nearly 17.1% and 13.2% of total release carbon (obtained 
from subtraction of carbon content of each sample before and after 
torrefaction on a dry basis) was in the form of C0 2 (Fig. 2a and b), 
7% and 6.5% as CO (Fig. 3a and b), virtually no hydrogen (Fig. 4a and 
b), and 0.3% and 0.2% as CH4 (Fig. 5a and b), respectively, at 260 °C 
and 300 °C. Consequently, the balance of the released carbon from 
the torrefied birch wood at 260 °C and 300 °C, respectively, con¬ 
tributed 75% and 80% of the total released carbon in the form of 
condensable volatiles. Combustion of, and energy recovery from, 
the condensable volatiles is accompanied with production of C0 2 . 
Fig. 2a and b shows the trends of C0 2 production and accumulation 
in the torrefaction-CLC assembly during the separate torrefaction 
of birch wood at 260 °C and 300 °C and further combustion of 
the volatiles at 400 °C, 500 °C and 600 °C in the CLC reactor. As 
can be seen, the C0 2 concentration in the assembly increased with 
time due to simultaneous production of C0 2 from the torrefaction 
section and the combustion of volatiles in the CLC section. The tor- 
refaction of birch at 260 °C and 300 °C and further combustion of 
volatiles at 400 °C led to the conversion of 55.1% and 29.9% of total 
released carbon to C0 2 , respectively. C0 2 levels reached corre¬ 
spondingly 94.5% (99.1%) and 82.5% (93.6%) of total released car¬ 
bon at 500 °C (600 °C) combustion temperature. For the same 
CLC temperature, the extent of volatiles combustion was higher 
the lower the torrefaction temperature, although volatiles combus¬ 
tion increases conversion to C0 2 using iron oxide particles the 


higher the CLC temperature. Torrefaction of birch wood at 300 °C 
being much faster than at 260 °C was likely to produce some tar 
compounds [13] with more thermally stable structure than some 
acid oxygenated hydrocarbons such as acetic acid and formic acid 
known to be formed at low temperature torrefaction. 

Figs. 3-5 show the respective trends of CO, H 2 and CH 4 produc¬ 
tion and accumulation in the torrefaction-CLC assembly as non¬ 
condensable gases produced during birch torrefaction. A large 
amount of CO was produced and accumulated during blank exper¬ 
iments contributing ca. 7% and 6.6% of total released carbon from 
the torrefied birch at 260 °C and 300 °C, respectively (Fig. 3a and 
b). The accumulated CO in the assembly slightly increased in the 
experiments performed with CLC reactor at 400 °C for the torrefied 
birch at 260 °C and 300 °C. The partial decomposition of volatiles 
across the CLC could produce some CO leading to the observed in¬ 
crease of CO concentration in the assembly. However, increasing 
CLC temperature to 500 °C considerably reduced the amount of 
CO accumulated in the assembly as it was oxidized into C0 2 
through the iron oxide bed. At 600 °C, CO contributed less than 
2% of total released carbon from the birch wood torrefied at 
260 °C and 300 °C. The trend of H 2 production and accumulation 
in the assembly was somehow different from that of CO. Blank tor- 
refaction at 260 °C was virtually exempt of H 2 production unlike at 
300 °C whereby tiny H 2 amounts were formed. Also, the contacting 
of torrefaction volatiles with iron oxide at 400 °C produced small 
amounts of hydrogen (Fig. 4a) in accordance with the cracking of 
some volatiles in the CLC reactor. However, H 2 concentration de¬ 
clined with increased CLC temperature likely due to its oxidation 
to water (Fig. 4a and b). As a result, the accumulated H 2 in the 
assembly due to birch torrefaction at 300 °C was less than 0.23% 
of total released hydrogen atoms (obtained from subtraction of 
hydrogen content of each sample before and after torrefaction on 
a dry basis) from the torrefied biomass while no H 2 is observed 
in the assembly during the birch torrefaction at 260 °C and with 
the CLC performing at 500 °C and 600 °C. Unlike the low CH 4 pro¬ 
duction in blank torrefaction, contacting volatiles with iron oxide 
CLC bed led to an increase in methane composition in the torrefac¬ 
tion-CLC assembly. For instance at 600 °C, the amount of accumu¬ 
lated CH 4 was, respectively, 2.5% and 2.2% of total released carbon 
of birch torrefied at 260 °C and 300 °C. Even if CH 4 could form via 
volatiles cracking over iron oxide particles, activity of the latter 
was not sufficient to completely oxidize the produced methane. 

At completion of each simultaneous torrefaction-CLC experi¬ 
ment, regeneration was performed to evaluate the amount of 
deposited carbon as well as to monitor oxygen consumption of 
the CLC reactor. Maximum carbon deposition was observed for 
CLC experiments performed at 500 °C. Torrefaction of birch at 
260 °C and 300 °C and further combustion of their volatiles at 
500 °C CLC temperature led to carbon deposition on the surface 
of iron oxide particles contributing ca. 3.4% and 2.6% of the total re¬ 
leased carbon. The deposited carbon on the surface of iron oxide 
particles in the CLC reactor operating at 400 °C and 600 °C was less 
than 1.2%. 

Five successive torrefaction/combustion cycles followed by 
oxide regenerations were performed to assess whether or not the 
activity of iron oxide particles for burning of volatiles was affected 
in the long run. Birch wood samples were torrefied at 260 °C for 1 h 
with CLC reactor operating at 600 °C. Fig. 6 shows the trends of C0 2 


Ultimate analysis, mass yield, higher heating value and energy yield of as received and torrefied birch. 

Samples C (wt%) H (wt%) N (wt%) S (wt%) O (wt%) Ash (wt%) Mass yield (V M . %) Energy yield (y e , %) HHV (kj/g) 


As received birch 47.6 6.1 0 0 45.6 0.7 . 100 18.7 

Torrefied birch (260 °C, 60 min) 51.2 5.9 0 0 42.1 0.8 76.2 81.8 20.1 

Torrefied birch (300 °C, 20 min) 52.7 5.8 0 0 40.7 0.8 64.8 71.8 20.6 
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Fig. 2. C0 2 accumulation profiles during the torrefaction of 500 mg of birch at 260 °C (a) and 300 °C (b) for different combustion temperatures in the torrefaction-CLC 
assembly. 
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Fig. 3. CO accumulation profiles during the torrefaction of 500 mg of birch at 260 °C (a) and 300 °C (b) for different combustion temperatures in the torrefaction-CLC 
assembly. 
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Fig. 4. H 2 accumulation profiles during the torrefaction of 500 mg of birch at 260 °C (a) and 300 °C (b) for different combustion temperatures in the torrefaction-CLC 
assembly. 
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Fig. 5. CH 4 accumulation profiles during the torrefactic 
assembly. 
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production and accumulation during simultaneous torrefaction 
and combustion as well as the oxygen concentration during the 
regeneration steps. C0 2 production and accumulation during the 
five cycles followed almost an identical pattern with no consider¬ 
able decrease in iron oxide activity for combustion of volatiles in 
the CLC reactor. 

To investigate if the presence of high C0 2 concentrations could 
influence the activity of iron oxide particles in the CLC reactor for 
the oxidation of volatiles, an experiment was performed with a mix¬ 
ture 50%:50% of C0 2 and N 2 , 500 mg of birch wood sample torrefied 
at 260 °C for 1 h and 10 g of iron oxide oxygen carriers preheated 
and operated at 600 °C. The results showed that the presence of ini¬ 
tial C0 2 did not affect the activity of iron oxide particles for combus¬ 
tion of volatiles. Almost 97.6% of the released carbon was found in 
the form of C0 2 . No hydrogen and very small amount of methane 
were detected. The amount of accumulated CO in the assembly, 
slightly larger in the presence of C0 2 , is easily rationalized in terms 
of reverse Boudouard reaction limiting oxidation of iron oxide par¬ 
ticles and consequently resulting in the release of CO. 

3.3. Long term stability 

Product gas distribution during combustion in CLC reactor of 
model acetic acid is shown in Fig. 7a. During the first 90 min of ace¬ 
tic acid combustion through iron oxide oxygen carrier particles, 
C0 2 concentration was highest. Concomitantly, low CO and CH 4 
concentrations were detectable while no residual acetic acid was 
detected at the CLC reactor outlet confirming complete acid con¬ 
version. Almost 97% of incident carbon was converted into C0 2 
showing that the oxygen carrier function was active during this 
period. Later on, the exit C0 2 concentration began a decline while 


that of CO started to rise as did hydrogen though this latter went 
undetected before 90 min. Yet no acetic acid was observed in the 
exit stream. This indicates that acetic acid thermally cracked over 
the surface of iron oxide particles. However, due to oxygen lack, 
C0 2 and water production was hampered at the expense of CO 
and H 2 accumulation. Scrutiny of the carbon mass balance revealed 
that after 90 min, large amounts of carbon should have been 
deposited over iron oxide particles. Reduction in the formation of 
H 2 , CO and CH 4 , and carbon deposit correlates with reduction in 
the duration of CLC combustion and resumption of regeneration 
of the oxygen carriers. Fig. 7b illustrates the time evolution of oxy¬ 
gen, CO and C0 2 concentrations during oxidation. As can be seen, 
CO and C0 2 concentration peaks were observed upon switching 
CLC reactor into an 0 2 -containing feed. C0 2 and CO concentration 
showed that almost 11.1% of incident carbon introduced to the 
CLC reactor during the combustion period converted into carbon 
deposits on the oxygen carrier particles. Carbon deposition was 
mostly the result of fading activity of the oxygen carrier after 
90 min combustion period. Oxygen concentration during the first 
15 min of oxidation cycle was almost zero due to the burning of 
carbon deposits and oxidation of the oxygen carrier. However, after 
this time period the oxygen concentration increased progressively 
in the outlet gas, reaching a constant level indicative of completion 
of the oxidation step. 

3.4. Effect of torrefaction environment on properties of torrefied solid 
product 

Studies addressing the effect of torrefaction environment due to 
water vapor or C0 2 on the properties of torrefied solid products are 
to the best of our knowledge are very limited. Eseltine et al. [31] 


cycle 1 cycle 2 cycle 3 cycle 4 cycle 5 



temperatures were, respectively, 260 °C and 600 °C. Red triangle = % released carbon converted to C0 2 . Purple diamond = 0 2 concentration exiting CLC reactor during 
oxidation/regeneration. Initial 0 2 concentration during oxidation was 6 mol% for N 2 flow-rate of 200 mL/min. Y-, = produced C0 2 /total released carbon (mol/mol%), 
V 2 = oxygen concentration (mol%). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. Gas products’ distribution as a function of time during the reduction and oxidation steps of iron oxide at 600 °C with acetic acid model torrefaction volatile. Acetic acid 
concentration during reduction was 1.6 mol.% and N 2 flow-rate was 100 mL/min, initial 0 2 concentration during oxidation was 6 mol% and N 2 flow-rate was 200 mL/min. 


investigated the torrefaction of juniper and Mesquite samples un¬ 
der N 2 and C0 2 atmospheres using thermogravimetric analyzer 
and the weight loss of their samples was higher under C0 2 than 
in a N 2 environment, and the difference in the weight loss of 
C0 2 -torrefied biomass and N 2 -torrefied biomass reached up to 4% 
at 300 °C. The presence of C0 2 and water in the torrefaction reactor 
on the weight loss and properties of solid birch samples is also 
studied in this work. Birch wood torrefaction was therefore carried 
out under pure N 2 and water/C0 2 (20%/80%) atmospheres at 260 °C 
for 60 min and 300 °C for 25 min. The torrefied product mass yield, 
energy yield, equilibrium moisture content (EMC) and grindability 
were determined for each condition. The elemental analysis results 
of the torrefied samples are summarized in Table 2. The mass 
yields of birch torrefied at 260 °C under N 2 and water/C0 2 environ¬ 
ments were 75.6% and 76.6%, respectively. These decreased at 
300 °C to 61% and 61.5%, respectively. The mass yields of torrefied 
birch appeared to be virtually unaffected by whether the torrefac¬ 
tion atmosphere was N 2 or water/C0 2 while the results by Eseltine 
et al. [31] showed higher weight loss of their biomass samples in 
C0 2 environment. We also performed several birch wood torrefac¬ 
tion experiments under C0 2 and N 2 atmospheres in the thermo¬ 
gravimetric (TG) analyzer to verify if the results obtained using 
the fixed bed reactor are supported by those performed in TG 
(which is more adequate system in terms of samples’ temperature 
control and homogeneity). The experiments performed in TG were 
divided into torrefaction experiments performed at 300 °C for 
25 min and experiments performed at 260 °C for 60 min under 
N 2 and C0 2 atmospheres. Each experiment is repeated twice to en¬ 
sure repeatability. As seen in Fig. 8, regardless of whether C0 2 or N 2 
atmospheres prevailed, the rate of birch torrefaction was barely 


affected. However, birch wood mass loss during torrefaction was 
slightly lower in the presence of C0 2 than N 2 which strengthens 
the trends of results obtained in the fixed bed tests. The effect of 
C0 2 on the rate of biomass torrefaction could be dependent on 
the type of biomass and ash content of the samples. For example, 
the juniper and Mesquite samples used by Eseltine et al. [31 ] exhi¬ 
bit higher amount of ash content than the birch sample used in this 
study. Furthermore, the hemicellulose, cellulose and lignin content 
of the samples could be different; especially the structure of hemi¬ 
cellulose could be species-dependent leading to the observed dif¬ 
ferences in the torrefaction rate of biomass in the two studies. 
Similarly, samples torrefied under water/C0 2 had slightly higher 
carbon content, HHV and energy yield than those torrefied in N 2 
environment. It is plausible that torrefaction temperature being 
not high enough, reactions between C0 2 (or steam) and solid birch 
wood keep relatively slow whereby water and C0 2 are viewed as 
inert agents in birch wood torrefaction. As a matter of fact, temper¬ 
atures as high as 600-800 °C would be required to trigger signifi¬ 
cant reactivity between C0 2 , water and birch wood sample via 
the Boudouard water-gas reactions [32,33], 

The dependence of EMC of the torrefied samples on relative 
humidity and thermal treatment is illustrated on Fig. 9. The sam¬ 
ples EMC at each specific relative humidity are calculated as 
below; 

w„ - w* 

EMC {%)= e w * 100 

where in this equation, W e is the weight of birch wood at equilib¬ 
rium at each specified humidity and W d is the weight of dry sample. 
As can be observed in this figure, torrefaction considerably 


Table 2 

Ultimate analysis, mass yield, higher heating value and energy yield of torrefied birch at different residence time and temperatures and under N 2 and water/C0 2 atmospheres. 
Sample C (wt%) H (wt%) N (wt%) S (wt%) O (wt%) Ash (writ) Mass yield (V M ,%) Energy yield (V e ^) HHV(kJ/g) 

Torrefied birch (260 °C, N 2 ,60 min) 51.5 5.9 0 0 41.9 0.7 75.6 81.5 20.2 

Torrefied birch (300 °C, N 2 ,25 min) 53.7 5.8 0 0 39.6 0.9 61.0 68.6 21.1 

Torrefied birch (260 °C, water/C0 2 , 60 min) 51.7 5.9 0 0 41.6 0.8 76.6 83.3 20.4 

Torrefied birch (300 "C, water/C0 2 ,25 min) 54.2 5.8 0 0 39.1 0.9 61.5 69.8 21.3 
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Fig. 8. Mass yield of birch wood torrefied at 260 °C and 300 °C in a thermogravi- 
metric analyzer and under N 2 and C0 2 atmospheres. 



H r (%) 


Fig. 9. EMC of raw and torrefied birch under water/C0 2 and N 2 environments. The 
relative humidity (H K ) prevailing for each salt solution is shown on x-axis, lines 
show trends. 


decreased EMC of the torrefied samples as compared to raw birch 
whichever the prevailing relative humidity, H R . EMC of torrefied 
birch under N 2 and water/C0 2 at H R = 97.1% was ca. 45% less than 
that of non-treated birch emphasizing the considerable impact of 
thermal treatment on reducing wood humidity uptake. However, 
the EMC of the four torrefied samples at 260 °C and 300 °C in the 
water/C0 2 and N 2 environments at different relative humidity were 
very close to each other. Although the samples torrefied at 300 °C 
had smaller mass yield than those torrefied at 260 °C, the results 
show that the extent of birch torrefaction at 260 °C was enough 
to remove ample amounts of polar hydroxyl and carboxyl groups 
and yield similar moisture uptake patterns. The removal of hydro¬ 
xyl and carboxyl groups of biomass during torrefaction reduces con¬ 
siderably the amount of bonded water in the biomass structure. 
Fig. 9 shows that at H R < 43.2%, the EMC of torrefied and raw sam¬ 
ples increases almost linearly with increasing relative humidity. At 
low relative humidity, the dominant mechanism of water uptake in 
the biomass is adsorption through formation of strong bonds to the 
biomass network leading to the formation of bonded water [34], 
However by increasing the relative humidity especially at 
Hr > 90%, capillary condensation leads to the formation of some 
non-bonded water in the biomass cavities [35] leading to the expo¬ 
nential shape increase in the humidity uptake by increasing relative 
humidity (Fig. 9). Acharjee et al. [34] investigated the effect of ther¬ 
mal pretreatment on equilibrium moisture content of Loblolly pine 
and they concluded that the content of non-bonded water is inde¬ 
pendent of thermal treatment. 

Fig. 10 shows the sieved particle size distribution of raw and 
torrefied birch samples at 260 °C and 300 °C and under N 2 and 
water/C0 2 environments after milling. Obviously, torrefied birch 
samples exhibit quite different size distribution than raw birch. Al¬ 
most 90% of raw birch after 30 min milling did not pass the largest 
mesh size (3270 pm). The rigidity and mechanical strength of the 
biomass structure is attributed to the long crystalline cellulose fi¬ 
bers linked through the non-crystalline hemicellulose which re¬ 
sults in its higher grinding energy requirement [5[. Torrefied 
birch samples, on the contrary, offered superior grindability by 
showcasing lesser mechanical strength and were more fragile as 
evidenced by the large proportions of fines after sieving. More than 
25.7% and 28.8% of the ground birch wood torrefied at 260 °C for 
60 min in N 2 and C0 2 /water atmospheres, respectively, passed 
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Fig. 10. Weight-based panic 
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the 850 jtm sieve, whereas those for torrefied birch at 300 °C for 
25 min were 48% and 42%, respectively, showing that the samples 
torrefied at 300 °C have better grinding properties than those torr¬ 
efied at 260 °C. The partial depolymerization/decomposition of cel¬ 
lulose and hemicellulose during torrefaction reduces the fibers 
length and mechanical stability of biomass and as a result im¬ 
proves its grinding properties [7,10,11], Although grindability of 
torrefied birch at 260 °C and under C0 2 /water was slightly better 
than that under N 2 environment, this trend was not observed for 
the torrefied birch at 300 °C and the grindability of the torrefied 
birch under N 2 atmosphere was superior to that under C0 2 /water 
environment. 

4. Conclusion 

A new concept of biomass torrefaction and volatile combustion 
in a chemical looping combustion (CLC) reactor using iron oxide 
particles was examined in this study. Birch wood as model biomass 
sample was torrefied in a fixed bed reactor at 260 °C and 300 °C 
and the volatiles resulting from torrefaction were burned over iron 
oxide solid oxygen carriers in a CLC reactor. Different CLC temper¬ 
atures were tested and up to 99% of the carbon released during 
birch torrefaction was found in the form of C0 2 at 600 °C. The 
long-time stability of iron oxide particles for burning the torrefac¬ 
tion volatiles was investigated using acetic acid as a model volatile 
compound of biomass torrefaction. The lack of oxygen on the solid 
oxygen carrier could lead to the production of considerable 
amounts of CO and H 2 and also deposition of deactivating carbon 
on the surface of iron oxides. Examination of the effect of C0 2 
and water in the torrefaction atmosphere on the properties of torr¬ 
efied solid product revealed that these agents could increase 
slightly the HHV and energy yield of torrefied birch wood while 
they had no considerable effect on the mass yield and equilibrium 
moisture content of the obtained solid. 
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